In this work, we report an innovative tool for heavy metal screening in water samples. This new chemiluminescent set-up screens the light generated from luminol oxidation by horseradish peroxidase (HRP) in the presence of hydrogen peroxide (H 2 O 2 ). The pollutant concentrations in real water samples were calculated by studying the effect of metal ions on chemiluminescence signal. Owing to its simplicity, portability and low cost, this approach presents a real alternative to classical optical methods. It is constructed with simple materials: a black box containing a cuvette and a micro-camera. When the enzymatic reaction takes place, the luminescence is captured by the camera placed in upright position. The image can be saved automatically in a computer for further analysis using a MATLAB interface. The RGB diagram is then established to determine the analyte concentrations in the tested samples. This method was successfully applied for the determination of mercury (Hg), lead (Pb) and cadmium (Cd) in lake and field water samples. In these experiments, three concentrations of each analytes were tested (5, 25 and 50 µg/L). We noted a good proportionality between the analyte concentration and the chemiluminescent detection intensity. Detection of binary and tertiary combinations of heavy metals has been also investigated. The developed biosensor showed low detection limits for the tested heavy metals: 1, 0.7 and 0.02 for Hg 2+ , Pb 2+ and Cd 2+ , respectively. Finally, excellent recoveries ranging from 98% to 104% were obtained for the HRP-inhibition assay.
Introduction
Nowadays, heavy metals constitute one of the most poisonous pollutants threatening the environment and human health. These metallic elements, of high atomic weight and density, originate from natural or anthropogenic sources. They contaminate soils, water CONTACT Akhtar hayat akhtarhayat@ciitlahore.edu.pk and air and are easily absorbed by plant crops, seafood and other raw food materials. Being non-biodegradable, heavy metals are then found in our food chain and human body exhibiting a chronic nature. These elements accumulate in muscles, fat, bones and joints causing harmful disorders [1, 2] . To protect human health, different organisations have fixed maximum tolerated levels of certain heavy metals in drinking water and other food matrices. Due to their widespread and hazards, lead, mercury and cadmium are the most controlled heavy metals [3] . Excessive intake of Pb may cause encephalopathy, cardiovascular diseases, nephropathy and anaemia [4] , Hg could affect lungs, digestive, nervous and immune systems [5] , while exposition to Cd could result in renal dysfunction, reduced lung capacity and certain cancers [6] . Considering these effects, the World Health Organization has imposed safe limits of Hg, Pb and Cd in drinking water (10, 1 and 3 µg/L, respectively) [7] . However, effective legislation is not sufficient to prevent heavy metal poisoning, and sensitive methods are highly required to monitor these contaminants at trace amounts in environmental and food samples. Conventional analytical methods for heavy metals analysis are mainly based on atomic absorption spectroscopy [8] , mass spectroscopy [9] , chromatography [10] and electrochemistry [11, 12] . Despite their accuracy, these techniques are expensive, are time consuming and require qualified staff. Great efforts have been made, in recent years, to develop simple and low-cost biosensors that allow sensitive and accurate detection of heavy metals. Advances in biosensing have led to excellent analytical performances in short analysis time. Various molecules have been used as bioreceptors to enhance the sensitivity: enzymes, antibodies, aptamers and microorganisms [13] [14] [15] [16] . In most of these bioassays, the molecular interaction between the bioreceptor and its target is monitored by bulky optical, electrochemical, piezoelectric or calorimetric equipment. These advanced biosensors attained high sensitivity and accuracy; indeed, they require minimum sample pretreatment, and they are cheaper and take less time than classical techniques. However, on-site application of these methods is not possible because qualified persons and laboratory equipment are required. Therefore, the miniaturisation of such analytical devices is of a crucial importance to allow continuous water quality monitoring. We aim, thus, in the present work to meet to these needs by developing a simple, rapid and portable device for on-site heavy metal analysis at trace levels. Also, the heavy metals were analysed in totality based on their mix combinations with other metal ions, and based on that, we can detect their presence in water samples, similarly reported in the previous work (Wong and Beaver 1980, Wong et al., 1995, Deshpande et al., 2010). Of course, these reports have not illustrated the great promise for on-site screening of heavy metals and limited with their portability. However, we can ensure, in the present work, to have device portability and rapid analysis of heavy metal ions as individual species as well as in totality (mixture). Finally, this method can be a very good indicative for screening purpose of water samples.
Herein, we combine the advantages of antioxidant enzymes as biomarkers and chemiluminescence as a detection method. Horseradish peroxidase (HRP) was selected for its sensitivity to heavy metals. In parallel, heavy metals are known for their strong effects on antioxidant enzymes activity [17] . On the other side, chemiluminescent detection (CL) was used for its suitability with miniaturised analytical formats. In contrast to other optical methods, CL does not depend on an external light source rather the light is generated through a chemical reaction and accompanied with energy release [18, 19] . The principle is based on the formation of unstable species (intermediate or products) which emit light or donate energy to another molecule which then luminesces. For that, CL is a promising technology for the determination of the different species involved in the CL process, such as the oxidants, catalysts, inhibitors or CL substrates [20] . Among these species, heavy metals are strong inhibitors of peroxidase (used as catalysts) activity, thus decreasing CL response [21] . Based on this principle, we developed a miniaturised chemiluminescent biosensor for heavy metal determination in water. In this enzymatic assay, the pollutant concentration was inversely correlated to the luminescence intensity.
The CL measurements were performed by using a portable analyser based on a micro-camera and light-emitting diode (LED) constructed in the lab [22, 23] . The luminescence generated from the oxidation of luminol passes through a lens to the camera, and the captured image is then analysed and represented in its RGB (red, green, blue) components. The RGB colour model has been selected because it provides independent values of colour channels. It has been combined with image sensor to establish a relation with the analyte concentration in the sample.
To the best of our knowledge, this is the first HRP-based biosensor allowing continuous and on-site monitoring of heavy metals in water. The described bio-device has a great potential for in-field measurements for the several advantages that it presents over the previously reported biosensors. Besides its portability and suitability with in-field applications, the described biosensor is based on a very simple data output signal and allows a large number of screenings in a short time.
Experimental

Chemicals and stock solutions
All chemicals, sodium phosphate dibasic (Reagent Plus, 99.0%), potassium phosphate monobasic (ACS reagent, P98%), magnesium chloride (98%) and potassium chloride (99.5%), were obtained from Sigma-Aldrich (France). HRP (EC.1.11.1.7) (RZ ≥3.0, ≥300 U mg/L, type IV) was purchased from Sigma-Aldrich (Saint Quentin Fallavier, France). The substrate hydrogen peroxide 30% (H 2 O 2 ) and the synthetic chemiluminescent molecule luminol were also provided by Sigma. The HRP solutions were prepared in binding buffer (BB, pH 7.4) containing 1 mM magnesium chloride, 140 mM sodium chloride, 2.7 mM potassium chloride, 0.1 mM sodium phosphate dibasic and 1.8 mM potassium phosphate monobasic. All solutions were prepared in deionised Milli-Q water (Millipore, Bedford, MA, USA). The heavy metal salts HgCl 2 and Cd (NO 3 ) 2 .4H2O were purchased from Merck, Darmstadt, Germany, and Pb (NO 3 ) 2 from Acros Organics, Geel, Belgium. Solutions were, if not otherwise specified, prepared with water obtained from a Milli-Q system, proceeded by a reverse osmosis step, both from Millipore, Bedford, MA, USA. To remove heavy metal traces, all glassware were soaked in 3 M HNO 3 for 3 days followed by soaking in Millipore water before use.
Description of the portable luminescence analyser set-up
The luminescence analysis has been performed using a portable device designed in the lab ( Figure 1 ). The luminescence from the UV-excited sample passes through a lens to a serial port camera module controlled by the computer. The luminescence image data from the serial port camera module are analysed by application software in the computer.
• Design: The device consists of a black box of poly-methyl methacrylate bracket. It was designed to allocate the fluorescent sensing module, to move up and down, to insert or to remove the cuvette of the dark chamber and to cover the cuvette completely, avoiding external interferences.
• Sensing module: An ultraviolet LED with applicable wavelength range of 200-900 nm coupled to a colour complementary metal oxide micro-camera was used to capture the sensing image. The light generated from the chemiluminescence reaction passes through a lens to the camera placed just above the black box. The serial port camera module captures and transmits the images over a serial Transistor-Transistor Logic (TTL) interface with a Complementary Metal-Oxide Semiconductor (CMOS) sensor. The power source for the LED is a voltage regulator powered by a constant current through the USB port of Arduino UNO board. The circuit has a small size (30 × 20 mm).
• Software: Generated luminescence through the reaction is captured by the camera and sent by wireless to a personal computer. The image processing is then performed by decomposing the image components and building RGB diagram for each solution. For that, a graphical user interface (GUI) was created in MATLAB R2011a, as follows:
(1) An image is captured from serial port in communication with the Arduino board and automatically labelled and saved. (2) A selection of the blue strip area that shows the luminescence for an image or a folder with many images, obtains its RGB values, stores the image with jpeg Figure 1 . Schematic diagram of the fluorescent set-up. The portable system is composed of a black box containing a cuvette superposed by a camera. The luminescence emitted by the enzymatic activity is captured as an image and decomposed into its RGB components.
format and the mean of the RGB components in a text file, keeping original image name and adding tags to identify the results.
This system is developed for fluorescence as well as luminescence imaging upon the inhibition of biomolecule by heavy metals [22] . The obtained luminescent image data from the camera are sent to a data recorder and analysed. The obtained image is further disintegrated into its components red, green and blue, which is called as RGB. The schematic of the RGB-based system is exemplified in Figure 1 . As reported in our previous work [22] , the indexed image, X, is an m-by-n array of integers. The coloured chart is a three-pillar collection of tenets in the series [0, 1]. Respectively, the racket of the colour chart is a three-component RGB triplet that specifies the red, green and blue components of a single colour of the colour map.
To progress the data image, a GUI program in MATLAB R2011a was made. This userfriendly and easy-to-use interface consists of obtaining all the image components and to build the RGB diagram for each solution.
Determination of peroxidase activity
HRP activity was analysed by the imaging of luminescence light generated from the enzymatic reaction. In this work, luminol was used as a luminescent agent; this molecule does not display any chemiluminescence in ground state. However, in the presence of HRP catalyst, luminol is oxidised by H 2 O 2 and converted into the excited state. Then, the decay to the ground state leads to a strong blue emission at 450 nm that is proportional to the HRP activity [24] .
Optimisations of HRP and H 2 O 2 concentrations were performed prior to the sensor application.
HRP inhibition by metal ions
Heavy metals have a strong inhibitory effect on the peroxidases activity [25] [26] [27] . We explored this inhibitory effect to develop an enzymatic bioassay for heavy metal detection. To follow this inhibition, 30 µL of HRP enzyme at a concentration of 180 UI were incubated with known amount of mercury, lead and cadmium (30 µL) individually for calibration curves of independent analytes and also mixed binary (two heavy metals together) and tertiary mixture (three heavy metals together) for a given period of time in 1880 µL of BB containing 30 µL of each H 2 O 2 (1.5 mM) and luminol (1.5 mM). The reaction volumes were adjusted based on the heavy metal concentrations. Then, the measured values of emitted luminescence were used to calculate the percentage inhibitions. After optimisation of experimental parameters, calibration curves were obtained by plotting inhibition percentages versus pollutant concentration. Measurements were performed under similar prototype conditions as those described in Section 2.2.
Water sample collection
Proper sampling and adequate sample storage facility is required for the analysis of real water samples. The field water samples were collected from the local Park of Perpignan (France) and subsequently treated in sterilised PVC containers. Afterwards, the samples were moved to the laboratory, and filtration was performed using 0.45 μm filter paper (Whatman, USA) prior to passing through 0.22 μm filter paper (Millipore, USA) to avoid any possible biological growth and interference of particles. The water samples were analysed within two days of sampling. Samples were also directly tested to see the presence of heavy metals. The spiking studies were carried out to investigate the reliability of the biosensor in a given matrix.
Results and discussion
3.1 Principle of the HRP-inhibition-based assay Figure 2 depicts the strategy of the proposed detection method which is based on the heavy metal's inhibitory effect on HRP activity. This inhibition results in a decrease in the generated chemiluminescence response that is proportional to the pollutant concentration in the sample. The CL system is a luminol-H 2 O 2 mixture, where the oxidation of luminol with H 2 O 2 is catalysed by HRP. In the proposed mechanism of the chemiluminescent bioassay, the nucleophilic attack of luminol by H 2 O 2 produces 3-aminophtalate ions in an excited state, which emits light upon relaxation to the ground state [28] . After that, HRP activity shoots down following exposure to heavy metals. This enzymatic inhibition results in a chemiluminescence suppression. The light intensity decreased with increasing the analyte amount in the detection system. Aiming to prove the concept, different experiments have been performed for the determination of three heavy metals: Hg
2+
, Cd 2+ and Pb
. The original pictures captured during the HRP inhibition by increasing concentrations of the three analytes have been shown in Figure 3 . The control image indicated the high luminescence of free HRP resulting from the oxidation of luminol. As expected, upon addition of the analyte, the captured CL decreased obviously, suggesting the inhibition of HRP by the heavy metals. In these experiments, three concentrations have been tested for each compound (5, 25 and 50 µg/L). We noted a good proportionality between the analyte amount and the CL intensity. Luminescence is almost suppressed when incubating HRP with 50 µg/L of pollutant. However, among the three tested heavy metals, cadmium exhibited a stronger inhibition, where the CL intensity was significantly low upon addition of a concentration of 5 µg/L.
Luminescence image processing
As it was mentioned above, the sample analysis has been performed using a portable luminescence set-up built in the lab. The light generated upon luminol oxidation catalysed by HRP passes through a lens to a digital camera. The corresponding luminescence image is then captured and transmitted to a computer by wireless. The automated image processing is then carried out by an interface designed in MATLAB, where pixels of the luminescent sample were analysed by RGB colour model. RGB components were decomposed and related to the luminescence intensity corresponding to HRP activity before and after inhibition. As an example, we represent in Figure 4 the RBG components of a florescence image corresponding to a blank sample (free HRP). In this data analysis, the intensity of each colour in the captured image is measured. Each component can vary from 0 to 255; a total of 0 corresponds to a black image, while 255 refers to a white colour. In the present work, the RGB diagram allows the assessment of CL generated from the enzymatic reaction. Calibration curves are then plotted by using luminescence intensity obtained with free and inhibited HRP by metal ions. The analyte concentration in the sample can be then calculated by using the inhibition percentages. 
Optimisation of the biosensor parameters
Prior to applying the bioassay to heavy metal assessment, optimisation of the experimental conditions has been performed to achieve the highest brightness and inhibition rates. Given their key role in the CL reaction and the detection system, HRP and H 2 O 2 concentrations should be optimised. A high concentration of these two elements could affect the device's sensitivity, while a low amount may restrict the linear range of detection. The luminescence intensity obtained by varying H 2 O 2 and HRP concentrations has been evaluated and employed to trace the curves showed in Figure 5(a and b) , respectively. From Figure 5 (a), we noted that the emitted light from the oxidation reaction of luminol is more significant when the H 2 O 2 concentration increased. However, the luminescence started to decrease after 1.5 mM of H 2 O 2 due to the saturation. To explain this decrease, we hypothesised that the excess of H 2 O 2 in the system is reduced to H 2 O. The concentration of 1.5 mM was thus selected for the following experiments. For HRP, the obtained curve showed a saturating exponential shape between the generated luminescence intensity and HRP concentrations. No significant increase was observed above the concentration of 180 UI. This saturation could be explained by the fact that 180 UI of HRP are sufficient to oxidise the total amount of luminol present in the system. After selecting the optimal concentrations of the enzymatic reaction species (HRP and hydrogen peroxide), different inhibition experiments have been performed to select the optimal incubation time for HRP with metal ions giving the best inhibitory effect. For that, we represented in the graph, shown in Figure 5(c) , the luminescence intensity measured by using increasing incubation time from 0 to 300 s. The highest brightness was obtained from 0 to 70 s, indicating that this short time was not enough to allow an enzymatic inhibition. After 70 s, the luminescence started to decrease, to achieve 35 after 300 s of incubation. Therefore, the duration of 300 s was selected to obtain a good inhibition of HRP by the analyte.
Determination of heavy metals using the portable device
Using the optimal parameters, HRP inhibition assays have been performed for the chemiluminescent detection of mercury, lead and cadmium. The inhibition tests have been carried out using different concentrations in the range of 5-50 µg/L. Each solution was incubated with HRP; then, luminol and H 2 O 2 were added to the mixture. The incubation of metal ions with HRP prevented the oxidation of luminol by hydrogen peroxide, leading to low luminescence intensity.
The luminescence set-up described above has been used to analyse light that is emitted at the wavelength of 450 nm. The response was inversely proportional to the metal ion concentration. From the obtained values, inhibition percentages were calculated by comparing the luminescence intensity before and after the incubation with the tested pollutants. Then, they were used to plot the corresponding calibration curves shown in Figure 6 (a). The graphs obtained by plotting inhibition percentages versus metal ion concentrations showed linear representations. Higher inhibition percentages were obtained by increasing the analyte concentration. The limit of detection (LOD) was defined as the pollutant concentration giving 10% of inhibition depending upon the maximum value of standard deviation. A LOD of 1 µg/L was obtained for HRP-inhibition assay applied to mercury, 0.7 µg/L for lead and 0.02 µg/L for cadmium.
The linear range of the bioassay was defined as the range of concentrations giving inhibition percentages varying from 10% to 90%. The calibration curves showed wide linear ranges for the three tested heavy metals: (Hg 2+ : 1-60 µg/L), (Pb
2+
: 0.7-54 µg/L) and (Cd 2+ : 0.02-45 µg/L).
To investigate the reproducibility of the developed chemiluminescent portable biosensor, each assay was performed three times under the same conditions. The coefficient of variation of inter-assay peak current was 5%, showing the good precision and reproducibility of the proposed method.
Application to real water samples
In order to demonstrate the viability of the portable assay for in-field determination of heavy metals, the application to complex real samples has been performed. For that, lake and field water samples have been selected because of the impact of irrigation water in contaminating vegetables [4] . Therefore, it is of great importance to protect the environment and human health from heavy metal pollution by developing simple and portable screening tools without the need of sophisticated equipment.
Water samples were analysed before and after spiking with known concentrations of mercury, lead and cadmium. Three concentrations 5, 20 and 50 µg/L were tested for each pollutant. The un-spiked water samples revealed no inhibitory effect, whereas the spiked samples exhibited an enzymatic inactivation proportional to the metal concentration. Tables 1 and 2 show the recovery yields of lake and field water, calculated as (% R = (P1/P 0 ) × 100), where P 0 is the added (real) quantity of heavy metals and P1 is the found quantity. The spiked values were consistent with the obtained concentrations of metal ions in both samples (lake and field water samples). Excellent recovery percentages have been obtained ranging from 98% to 104% in water samples. Indeed, good relative standard deviations have been calculated (maximum 3.8%) indicating the bioassay precision. The developed luminescence set-up could therefore be applied for a simple and reliable detection of heavy metals in real samples. 
Detection of heavy metals in binary and tertiary combination
Coexistence of toxic heavy metals may be encountered in the water matrix as a miscellaneous result of human and natural activity. To evaluate the synergistic, cumulative or additional effect of these toxic metal ions on the HRP-based bioassay, the three heavy metals were collectively tested in all possible pairings. Each tested combination displayed significant effect of toxicity that was either cumulative or synergistic. The order of cumulative effect increased upon addition of higher concentrations. The heavy metal combinations (in µg/L) were manually prepared and scrutinised using developed luminescence bio-tool. The data were obtained based on the inhibition of HRP activity upon addition of its substrate. The gradation of HRP inhibition in response to the exact mixtures of heavy metals is illustrated in Figure 6  ( good promise for on-site screen of heavy metals, whereas in our proposed screening tool, we can easily perform on-site tests of heavy metal ions as individual species or as in mixture. This portable screen tool can be a very good indicative for screening purpose of water samples.
3.7.
Comparison with other systems reported in the literature for heavy metal determination
The performance of the described analytical device was compared with the HRP-based biosensors reported in the literature. We have noted that the analysis step using our assay requires a shorter time (300 s) as compared to the previously reported HRP-inhibition-based biosensors used for heavy metal monitoring [21, 29] . The integration of camera-based analysers using optical techniques has reduced the time and enhanced the practicability of the system. Indeed, the treatment of output signal is very simple which made the biosensor more user-friendly with the possibility to perform a large number of screenings in a short time. Finally, the described device is portable and inexpensive due to the simple materials implemented in its construction. It is noteworthy that the portability plays a key role in the system applicability for the continuous and in-field monitoring of heavy metals in water. It avoids the contamination of the lab equipment and heavy metal intoxication. In addition to the mentioned advantages, the developed system maintains sufficient accuracy at and below the recommended cadmium, mercury and lead thresholds.
Conclusion
In summary, a portable screening tool has been designed for heavy metal determination in water samples. In this work, the detection was based on the inhibitory effect of metal ions on chemiluminescence produced by the enzymatic oxidation of luminol. The luminescence system was based on the interaction luminol-H 2 O 2 catalysed by HRP. The incubation of HRP with metal ions induced an enzymatic inhibition and luminescence suppression. Based on the measurement of light generated from the enzymatic reaction, the concentrations of mercury, lead and cadmium have been approximated. High sensitivity and large linear ranges have been obtained with excellent applicability in real field and lake water samples. The originality of this promising bioassay remains in its integration into a portable luminescence imaging setup. The optical detection was very simple, fully automatic based on image capture by a microcamera placed above a cuvette, where the enzymatic reaction takes place. Indeed, the developed MATLAB interface is easy to use, allowing a simple data analysis. Finally, as compared to traditional methods used for heavy metal monitoring, our optical bio-device is miniaturised and portable, allowing its use in situ without requirement of qualified staff and expensive equipment.
